Geochemical constraints on the origin of Doushantuo cap carbonates in the Yangtze Gorges area, South China by Wang, Qinxian et al.
Sedimentary Geology 304 (2014) 59–70
Contents lists available at ScienceDirect
Sedimentary Geology
j ourna l homepage: www.e lsev ie r .com/ locate /sedgeoGeochemical constraints on the origin of Doushantuo cap carbonates in
the Yangtze Gorges area, South ChinaQinxian Wang a,b, Zhijia Lin a, Duofu Chen a,⁎
a CAS Key Laboratory of Marginal Sea Geology, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China
b University of Chinese Academy of Sciences, Beijing 100049, China⁎ Corresponding author.
E-mail addresses: qinxianwang@gig.ac.cn (Q. Wang), c
http://dx.doi.org/10.1016/j.sedgeo.2014.02.006
0037-0738/© 2014 Elsevier B.V. All rights reserved.a b s t r a c ta r t i c l e i n f oArticle history:
Received 17 December 2013
Received in revised form 17 February 2014
Accepted 20 February 2014
Available online 1 March 2014
Editor: B. Jones
Keywords:
Marinoan glaciation
Neoproterozoic
Doushantuo cap carbonates
Major and trace elements
Rare earth elements
Yangtze GorgesMarinoan cap carbonates have been suggested to be primarily deposited in glacial meltwater and upwelled sea-
water. However, elemental geochemistry evidence for this depositional model is lacking. Here, we report high-
spatial-resolution measurements of major, trace and rare earth elements of the Doushantuo cap carbonates
from the Jiulongwan section in the Yangtze Gorges area, South China. Our results show that: 1) the basal cap car-
bonates display slightMREE enrichment, weak positive La anomalies, near-chondritic Y/Ho ratios, and slight neg-
ative Ce anomalies; 2) the lower-middle cap carbonates show slight LREE depletion or MREE enrichment, weak
positive La and Eu anomalies, supra-chondritic Y/Ho ratios, and slight negative Ce anomalies; 3) the upper-
middle cap carbonates have consistent enrichment of P, Fe, and tracemetals, slight LREEdepletion, andweak pos-
itive Ce, La and Eu anomalies; and 4) the upper cap carbonates exhibit LREE enrichment, weak positive La and Eu
anomalies, supra-chondritic Y/Ho ratios, and mild negative Ce anomalies. These ﬁndings indicate that the
Doushantuo cap carbonates did not precipitate from normal contemporaneous seawater, rather, the basal cap
carbonates were deposited in oxygenated, relatively pure deglacial meltwater; the lower-middle cap carbonates
in oxygenated brackish water; the upper-middle cap carbonates in upwelled anoxic brine water; and the upper
cap carbonates in oxygenated brackish water. Our depositional model is consistent with the proposed sequence
of events after the meltdown of Marinoan glaciation by Shields (2005).
© 2014 Elsevier B.V. All rights reserved.1. Introduction
The late Neoproterozoic era, about 750 to 542 million years ago, is
punctuated by at least three severe glacial events (Halverson et al.,
2005; Hoffman and Li, 2009). One of themost intriguing is theMarinoan
glaciation that extended into equatorial latitudes (Evans, 2000;
Hoffman and Schrag, 2002; Hoffman and Li, 2009). Most Marinoan gla-
cial deposits are directly overlain by “cap carbonates”with peculiar sed-
imentary features and negative carbon isotope signatures (Kennedy,
1996; Hoffman et al., 1998; James et al., 2001; Hoffman and Schrag,
2002; Jiang et al., 2003a; Frimmel and Folling, 2004; Shields et al.,
2007a, b; Zhou and Xiao, 2007; Shen et al., 2008), implying severe and
rapid climatic changes which are thought to serve as an ‘environmental
ﬁlter’ for biological evolution (Hoffman et al., 1998; Runnegar, 2000;
Hoffman and Schrag, 2002). Strata above these postglacial cap carbon-
ates contain the Earth's earliest multi-cellular organisms interpreted
as early Metazoans (Xiao et al., 2002; Xiao, 2004; Yin et al., 2007;
McFadden et al., 2008; Yuan et al., 2011). These cap carbonates havedf@gig.ac.cn (D. Chen).been of special interest, understandably, as theymay provide signiﬁcant
hints about the link between the earliest diversiﬁcation of animals and
the most severe glaciation in Earth's history.
Shields (2005) proposed that theMarinoan cap carbonateswere pri-
marily deposited in low-salinity meltwater lid referred to as “Glacial
Lake Harland” (Hoffman, 2011) and later in mixed seawater with con-
tribution from deep snowball meltwater. However, Ohno et al. (2008)
speculated that the cap carbonates formed in surface seawater mixed
with a large quantity of deglacial meltwater from continental crusts,
based on the high 87Sr/86Sr and low 88Sr/86Sr ratios from the
Doushantuo cap carbonates of South China. Similarly, Frimmel (2009)
presented evidence from REE + Y compositions of the cap carbonates
from the Bloeddrif Member, Africa, and considered that the cap carbon-
ates were deposited in freshwater with limited mixing with seawater.
By contrast, Bristow et al. (2009) suggested that the cap carbonates pre-
cipitated in a non-marine, alkaline water environment on the basis of
the assemblages of clay minerals from the Doushantuo Formation,
South China. More recently, Liu et al. (2013) found low 87Sr/86Sr ratios
of the cap carbonates from the Nuccaleena Formation, South Australia
and argued that these carbonates possibly formed in contemporary sea-
water. The discrepancy about sedimentary environment could be due to
the potential diachrony among different cap carbonates (Hoffman et al.,
2007; Rose andMaloof, 2010). In either case, this debate seems to center
60 Q. Wang et al. / Sedimentary Geology 304 (2014) 59–70on if the Marinoan cap carbonates were deposited in fresh/brackish
water and/or seawater.
Major, trace, and rare earth element (REE) geochemistry of sedi-
mentary rocks is a potential proxy for sedimentary environment (e.g.
Nothdurft et al., 2004; Lawrence and Kamber, 2006; Tribovillard et al.,
2006; Bolhar and Van Kranendonk, 2007; Frimmel, 2009, 2010; Zhao
et al., 2009; Meyer et al., 2012), and therefore would place constraints
on the sedimentary model of the post-glacial cap carbonates. Studies
to date have generally employed low-resolution sampling methods
(Ohno et al., 2008; Bristow et al., 2009; Huang et al., 2009; Liu et al.,
2013). Thesemethods possibly prevented them from reaching a conclu-
sion regarding the temporal evolution of the sedimentary conditions on
the short time scales of the deposition of the Marinoan cap carbonates.
This paper carried out a high-resolution vertical sampling andmeasure-
ment of major, trace and rare earth elements from the Doushantuo cap
carbonate succession at the Jiulongwan section, in Yangtze Gorges area,
South China. Our elemental geochemistry data provide an independentFig. 1. Geological background for the Doushantuo cap carbonates. A: Paleogeographic recon
Neoproterozoic (Jiang et al., 2003b; Wang and Li., 2003; Zhou et al., 2004), showing the locatio
(a-a′ in A; not to scale) across the Yangtze block showing the stratigraphic occurrence of the Dou
Zhang et al. (2008). C: Simpliﬁed geological map of the Yangtze Gorges area (Zhao et al., 1985
Yangtze Gorges area, showing lithostratigraphic sequences.line of evidence supporting fresh/brackish water and upwelled seawa-
ter conditions during the deposition of the cap carbonates.
2. Geological setting
The late Cryogenian Nantuo Formation and the early Ediacaran
Doushantuo Formation in the Yangtze Gorges area were deposited on
the platform of the Yangtze Block adjacent to the Cathaysia Block
(Fig. 1A) (Jiang et al., 2003b;Wang and Li, 2003). The Nantuo Formation
is mostly composed of glacial deposits (Fig. 1B), equivalent to the
Marinoan diamictites worldwide (e.g. Kennedy, 1996; Hoffman et al.,
1998; James et al., 2001; Shen et al., 2008). The Doushantuo Formation,
conformably overlying the Nantuo Formation, mainly consists of car-
bonates, black shales and phosphatic shales (Fig. 1B). Fossil embryos,
purported bilaterians, and multicellular algae have been found in the
Doushantuo Formation at theMiaohe (Xiao et al., 2002) and Jiulongwan
sections in the Yangtze Gorges (Xiao, 2004; Yin et al., 2007; McFaddenstruction of the southeast-facing rift to passive margin on the Yangtze block during late
n of the Jiulongwan section in the Yangtze Gorges area (square). B: A conceptual transect
shantuo cap carbonates (Jiang et al., 2003a, b). Age data are from Condon et al. (2005) and
). D: Field photograph of the Doushantuo cap carbonates at the Jiulongwan section in the
61Q. Wang et al. / Sedimentary Geology 304 (2014) 59–70et al., 2008). The base of the Doushantuo Formation is comprised of the
cap carbonate succession, in sharp contact with the underlying Nantuo
diamictite. The Doushantuo cap carbonate succession displays a distinct
suite of sedimentary structures and textures including cemented breccias,
sheet cracks, tepee-shaped structures, stromatactis-like cavities, peloids,
and local barite fans, and negative carbon isotope excursion of about
−5‰ (Jiang et al., 2003a, 2006; Lin et al., 2011; Peng et al., 2011), similar
to those observed in equivalent cap carbonates worldwide (Kennedy,
1996; Hoffman et al., 1998; James et al., 2001; Frimmel and Folling,
2004; Shields et al., 2007b; Shen et al., 2008). Additionally, U–Pb Zircon
dates indicate that the cap carbonates were deposited at 635 Ma
(Condon et al., 2005).
Although the Doushantuo cap carbonates crop out widely, the
present study focuses on the Jiulongwan section of the Yangtze platform
(Fig. 1A), located at the southern limb of the Huangling Anticline in the
Yangtze Gorges area, South China (Fig. 1C). At the Jiulongwan section,
the cap carbonate succession, approximately 3.37 m in thickness, can
be subdivided into three lithostratigraphic sequences (Fig. 1D). The
lower unit C1, about 0.76 m in thickness, consists of disrupted and
cemented microcrystalline dolomite that is usually brecciated and
associated with sheet cracks and cavities ﬁlled with multiple genera-
tions ofmineral cements. Themiddle unit C2, about 2.27m, is composed
of laminated microcrystalline dolomite and contains dolomitic lime-
stone, with low angle cross-bedding. The upper unit C3, about 0.32 m
in thickness, consists of laminated silty limestone and dolomite.
3. Sampling and methods
A total of 87 carbonate samples, each at ~3 cm in thickness, were col-
lected from fresh outcrops of the Jiulongwan section in the Yangtze
Gorges. These samples were crushed into mm-sized chips, which were
subsequently picked for clean, vein-, disruption-, and later-stage
cement-free fragments (host dolomite in the cap carbonates) using an
optical microscope. The selected chips were sonicated in deionizedFig. 2. Lithostratigraphic column and vertical distribution of major, trace metal, and REE conten
consistent enrichment of P, Fe, and trace metals and REE from 2.53 to 3.03 m at the section.water, air-dried at room temperature, and pulverized into powder
(less than 200 mesh) for analyses of major, trace, and REE elements.
For major element analyses, the powder of all samples was
completely digested with HF and HNO3, and analyzed on an ICP-AES
at the Guangzhou Institute of Geochemistry, Chinese Academy of Sci-
ences. Element Lutetium was added as an internal standard to correct
for matrix effects and instrument drift. Seven standards (GSR-1, GSR-
2, GSR-3, GSD-12, SARM-4, MRG-1, and GSR-5) were used to calibrate
element concentrations of the measured samples. Analytical precision
is usually better than 1%.
For trace and rare earth element analyses, approximately 50 mg
of carbonate powder was dissolved in 50 ml of 5% HNO3 solution for
2–3 h to separate carbonateminerals and acid-insoluble residues. After-
wards, element Rhodium was added as an internal standard to correct
for matrix effects and instrument drift. Supernatant of this solution
was further diluted and analyzed by an ICP-MS at the Institute of Geo-
chemistry, Chinese Academy of Sciences. Three standards (OU-6,
GBPG-1, and AMH-1) were used to calibrate element concentrations
of the measured samples. Analytical precision is commonly better
than 10%.
4. Results
Major (Al, Ti, Fe, and P), trace (including V, Co, Cu, U, and Mo), and
rare earth element concentrations of the analyzed samples are listed
in Table A.1, Table A. 2 and Table A. 3, respectively, and their proﬁles
accompany the stratigraphic section in Fig. 2. Pertinent summarized
features are given in Tables 1 and 2. REE + Y data are presented
in shale-normalized diagrams of Figs. 3, 4, using Post-Archaean
Australian Shale (PAAS) composite (Taylor and Mclennan, 1985).
Shale-normalized (N) elemental anomalies were calculated on a linear
scale where the assumption is that differences in concentration
between neighboring pairs are constant, as follows: La/La⁎ = La /
(3Pr − 2Nd), Ce/Ce⁎ = 2Ce / (La + Pr), Pr/Pr⁎ = 2Pr / (Ce + Nd),ts of the Doushantuo cap carbonates at the Jiulongwan section. There is a pronounced and
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62 Q. Wang et al. / Sedimentary Geology 304 (2014) 59–70Eu/Eu⁎ = Eu / (0.67Sm + 0.33 Tb). Alternatively, some of the anom-
alies were also calculated from a geometric average, assuming that the
ratio between near neighbor concentrations is constant (Lawrence
et al., 2006), as follows: La⁎ = Pr*(Pr / Nd)2, Ce⁎ = Pr2 / Nd, Eu⁎ =
(Sm2 ∗ Tb)1/3. In most cases, the differences in the calculated anomalies
by these two methods are less than 5% or negligible. If not illustrated
specially, the elemental anomalies are expressed by using the linear
method.
4.1. Carbonates from the lithofacies C1
The carbonates of the lithofacies C1 can be subdivided into two
groups based on their major, trace metal, and REE concentrations, and
REE + Y patterns (Tables 1 and 2 and Figs. 2, 3). The ﬁrst, Group A, is
located below 0.25 m. It has consistently low major, trace metal,
and REE (mean = 14.54 ppm) concentrations (Tables 1and 2 and
Fig. 2), and is characterized by similar REE + Y patterns (Table 2
and Fig. 3A): 1) slight middle REE (MREE) enrichment with relatively
unfractionated light REE (LREE) (mean (Nd/Yb)N = 1,01; mean (Pr/
Sm)N = 0.73); 2) weak positive La anomalies (mean (La/La⁎)N =
1.22); 3) slight negative Ce anomalies (mean (Ce/Ce⁎)N = 0.85); 4)
extreme positive Eu anomalies (mean (Eu/Eu⁎)N = 5.68, which were
derived from Ba interference); and 5) near-chondritic Y/Ho ratios
(mean (Y/Ho) = 25.61).
The second, Group B, includes an interval between 0.25 and 0.76 m,
and shows the same low concentrations of the major, trace metal, and
REE (mean = 11.51 ppm) elements (Tables 1and 2 and Fig. 2) as the
Group-A carbonates, but different REE + Y patterns (Table 2 and
Fig. 3B): 1) mild uniform LREE depletion (mean (Nd/Yb)N = 0.64;
mean (Pr/Sm)N = 0.77); 2) very slight positive La anomalies (mean
(La/La⁎)N = 1.02); 3) weak negative Ce anomalies (mean (Ce/Ce⁎)N =
0.81); 4) minor positive Eu anomalies (mean (Eu/Eu⁎)N = 1.15, exclud-
ing two extreme positive anomalies signiﬁcantly affected by Ba interfer-
ence); and 5) supra-chondritic Y/Ho ratios (mean (Y/Ho) = 42.20).
4.2. Carbonates from the lithofacies C2
The carbonates of the lithofacies C2 can be categorized into three
groups according to their major, trace metal, and REE concentrations,
and REE + Y patterns (Tables 1 and 2 and Figs. 2–4). The ﬁrst, Group C,
located between 0.76 and 1.12 m, exhibits very low major, trace metal,
and REE (mean = 12.84 ppm) element concentrations (Tables 1 and 2
and Fig. 2), similar to the carbonates of Groups A and B. It is characterized
by slight MREE enrichment with relatively unfractionated LREE (mean
(Nd/Yb)N = 1.05; mean (Pr/Sm)N = 0.80) (Table 2 and Fig. 3C) similar
with the Group-A carbonates, and has features (Table 2): 1) no obvious
positive La anomalies (mean (La/La⁎)N = 0.94; 2) weak negative Ce
anomalies (mean (Ce/Ce⁎)N = 0.92); 3) mild positive Eu anomalies
(mean (Eu/Eu⁎)N = 1.20); and 4) supra-chondritic Y/Ho ratios (mean
(Y/Ho) = 39.90).
The second, Group D, situated between 1.12 and 1.49 m, displays
similar concentrations of the major, trace metal, and REE (mean =
15.98 ppm) elements (Tables 1 and 2 and Fig. 2) to the Group-A, -B,
and -C carbonates. It has REE + Y patterns similar to the carbonates of
Group B (Table 2 and Fig. 3D): 1) mild uniform LREE depletion (mean
(Nd/Yb)N = 0.64; mean (Pr/Sm)N = 0.71); 2) very weak positive La
anomalies (mean (La/La⁎)N = 1.01); 3) slight negative Ce anomalies
(mean (Ce/Ce⁎)N = 0.78); 4) mild positive Eu anomalies (mean (Eu/
Eu⁎)N = 1.13); and 5) supra-chondritic Y/Ho ratios (mean (Y/Ho) =
44.09).
The third, Group E, located between1.49 and 2.53m, showsuniformly
low major, trace metal, and REE (mean = 13.23 ppm) element concen-
trations (Tables 1 and 2 and Fig. 2) which resembles those of the
carbonates of Groups A, B, C, and D. Its REE + Y patterns are charac-
terized by slight MREE enrichment with relatively unfractionated LREE
(mean (Nd/Yb)N = 0.96; mean (Pr/Sm)N = 0.76) (Table 2 and Fig. 3E)
Table 2
Comparison of mean ratios and shale-normalized anomalies of REE + Y patterns of different types of the Doushantuo cap carbonates at the Jiulongwan section.
Sample type Range n (Nd/Yb)N (Pr/Sm)N (Sm/Yb)N (La/La⁎)N (Ce/Ce⁎)N (Eu/Eu⁎)N Y/Ho Total REE (ppm)
Average SD Average SD Average SD Average SD Average SD Average SD Average SD Average SD
Group A 0–0.25 m 6 1.01 0.19 0.73 0.03 1.32 0.19 1.22 0.09 0.85 0.03 5.68 0.58 25.61 1.52 14.54 1.47
Group B 0.25–0.76 m 12 0.64 0.15 0.77 0.07 0.83 0.18 1.02 0.08 0.81 0.06 1.15 0.12 42.20 5.00 11.51 3.49
Group C 0.76–1.12 m 9 1.05 0.13 0.80 0.02 1.33 0.20 0.94 0.09 0.92 0.04 1.20 0.07 39.90 3.06 12.84 3.85
Group D 1.12–1.49 m 13 0.64 0.11 0.71 0.04 0.89 0.13 1.01 0.06 0.78 0.05 1.13 0.05 44.09 3.20 15.98 2.08
Group E 1.49–2.53 m 25 0.96 0.11 0.76 0.04 1.26 0.14 0.98 0.08 0.84 0.09 1.15 0.10 41.72 3.89 13.23 4.14
Group F 2.53–3.03 m 11 0.78 0.14 0.66 0.08 1.08 0.20 1.25 0.19 1.09 0.15 1.03 0.10 39.80 3.82 88.19 46.89
Group G 3.03–3.37 m 11 2.27 0.89 0.91 0.08 2.49 0.87 1.17 0.13 0.84 0.04 1.37 0.16 34.92 2.32 50.28 26.93
Average (Eu/Eu*)N of the Group-B carbonates is reported after excluding two extreme anomalies signiﬁcantly affected by Ba interference. There is no correlation between (Eu/Eu*)N
(excluding extreme anomalies) and Ba, suggesting that these Eu anomalies could not be an artifact of Ba interference and they can reﬂect original REE + Y patterns. Ce anomalies in
the Group-F carbonates were calculated here using the geometric method.
63Q. Wang et al. / Sedimentary Geology 304 (2014) 59–70which are similar to those observed from the Group-A and -C carbonates,
with features (Table 2): 1) no obvious La anomalies (mean (La/
La⁎)N = 0.98); 2) mild negative Ce anomalies (mean (Ce/Ce⁎)N =
0.84); 3) slight positive Eu anomalies (mean (Eu/Eu⁎)N = 1.15);
and 4) supra-chondritic Y/Ho ratios (mean (Y/Ho) = 41.72).
The fourth, Group F, situated between 2.53 and 3.03 m, presents
similar low Al and Ti concentrations to the carbonates of all the groupsFig. 3. PAAS-normalized REE + Y patterns of the Doushantuo cap carbonates at the Jiulongwan se
water (PapuaNewGuinea River) and lacustrine carbonates (Jeerinah Formation) (data fromSholko
Paciﬁc) and typicalmarine carbonates (WarrawoonaGroup) (data fromZhang andNozaki, 1996;V
similar to estuarinewater (Chao Phraya River) and lacustrine carbonates (Tumbiana Formation) (d
seawater and the typical marine carbonates. Note that Eu anomalies modiﬁed by Ba interferencementioned above, but variable and high P, Fe, trace metal, and REE
(mean = 88.19 ppm) element concentrations (Tables 1 and 2 and
Fig. 2). It has REE + Y patterns (Table 2 and Fig. 4A): 1) weak LREE
depletion with relatively unfractionated heavy REE (HREE) (mean
(Nd/Yb)N= 0.78; mean (Pr/Sm)N= 0.66); 2) slight positive La anoma-
lies (mean (La/La⁎)N = 1.25); 3) weak positive Ce anomalies (mean
(Ce/Ce⁎)N = 1.09, which are obtained using the geometric methodction. The Group-A, -C, and -E carbonates have slight MREE enrichment, similar to estuarine
vitz et al., 1999; Bolhar andVanKranendonk, 2007), but different fromopen seawater (South
anKranendonk et al., 2003). TheGroup-B and -D carbonates show slight LREEdepletion, very
ata fromNozaki et al., 2000; Bolhar and Van Kranendonk, 2007), but different from the open
from the Group-A and -B carbonates are not displayed in the diagrams.
Fig. 4. PAAS-normalized REE + Y diagrams of the Doushantuo cap carbonates at the
Jiulongwan Section. A: The Group-F carbonates show slight LREE depletion with relatively
unfractionated HREE, similar to those of late Archaean microbial carbonates from
Campbellrand Subgroup and Sturtian cap carbonates from Pocatello Formation, both of
which were deposited in seawater mixing with hydrothermal ﬂuids (data from Kamber
and Webb, 2001; Meyer et al., 2012). B: The Group-G carbonates exhibit LREE enrichment,
similar to those of Late Devonian estuarine fringing reefal carbonates (data from Nothdurft
et al., 2004).
64 Q. Wang et al. / Sedimentary Geology 304 (2014) 59–70and are reported after excluding two samples in having negative anom-
alies); 4) slight positive Eu anomalies (mean (Eu/Eu⁎)N= 1.03); and 5)
supra-chondritic Y/Ho ratios (mean (Y/Ho) = 39.80).
4.3. Carbonates from the lithofacies C3
The carbonates from the lithofacies C3 (Group G) in the interval
between 3.03 and 3.37 m, have variable and high Al, Ti, and Fe con-
centrations as well as relatively moderate REE abundance (mean =
50.28 ppm) (Tables 1 and 2 and Fig. 2), different from the carbonates
of all the groups reported above, and exhibit low P and trace metal
element concentrations. They have REE + Y patterns characterized
by remarkably uniform LREE enrichment (mean (Nd/Yb)N = 2.27;
mean (Pr/Sm)N = 0.91) (Table 2 and Fig. 4B), and features (Table 2): 1)
weak positive La anomalies (mean (La/La⁎)N = 1.17); 2) mild negative
Ce anomalies (mean (Ce/Ce⁎)N = 0.84); 3) slight positive Eu anomalies
(mean (Eu/Eu⁎)N = 1.37); and 4) supra-chondritic Y/Ho ratios (mean
(Y/Ho) = 34.92).
5. Discussion
5.1. Contamination evaluation
Genuine REE + Y patterns of sedimentary carbonates can be
obscured by a variety of contaminants. Therefore the possibility of
contamination requires careful assessment before the observed
REE+Y compositions of the Doushantuo cap carbonates can be reliably
used to deduce chemical peculiarities of precipitatingwaters and depo-
sitional environments. In order to minimize contamination, several
approaches were taken in this study: 1) materials that are associated
with later-stage mineral cements ﬁlling in fractures, sheet cracks, and
cavities were avoided; 2) samples without evidence of recrystallization
and metamorphism by examining thin sections under crossed-polarizedlight were used; 3) mm-sized chips free of visible later-stage minerals
after crushing were carefully handpicked using an optical microscope;
and 4) gentle acid was employed to dissolve collected samples and
acid-insoluble residues were discarded; we emphasize that the same
dissolution experiments as ours were performed for dissolving marine
carbonates, which yielded primary REE + Y distributions (Feng et al.,
2010; Birgel et al., 2011).
To ensure that original REE + Y signals were not compromised by
effects arising from contamination of sulﬁdes and oxides, both of
which contain robust and very different REE ﬁngerprints, we have
examined diagnostic REE + Y variations by plotting Y/Ho against
elements Pb (enriched in sulﬁdes) and Cu (enriched in oxides), which
are preferentially incorporated into these phases during their formation.
If such contamination was present, a good correlation would be expect-
ed between Y/Ho and Pb as well as Cu. However, inspection of Fig. 5A
and B clearly highlights that both elements display poor correlations
with Y/Ho for all the groups mentioned above. This indicates that the
possibility of signiﬁcant contamination by oxides and sulﬁdes can be
effectively excluded for the REE + Y patterns of the Doushantuo cap
carbonates.
Terrestrial particulate matter is a major source of contamination for
REE + Y compositions in sedimentary carbonates. Element Zr which
hasmuch greater concentrations in shale (210 ppm in PAAS) than in sed-
imentary carbonates, has been used as an indicator of shale contamina-
tion. If shale contamination existed, it would systematically decrease Y/
Ho ratioswhile increasing Zr concentrations. However, there are no corre-
lations between Y/Ho and Zr concentrations for all the groups proposed
above (Fig. 5C). On the other hand, REE concentrations would systemati-
cally increase with elevated Zr concentrations if such contamination was
present. However, a crossplot of Zr and REE concentrations for all the
mentioned groups shows little evidence of linear correlations between
Zr and REE concentrations (Fig. 5D). In view of these observations, we
are conﬁdent that theDoushantuo cap carbonates havepreserved original
REE + Y signatures, unaffected by shale contamination effects.
5.2. Diagenetic alteration
REE + Y in sedimentary carbonates can be modiﬁed by diagenetic
overprinting, thus it is crucial to assess thepotential degree of diagenetic
alteration. Only if modiﬁcation by diagenetic alteration can be ruled out
can contamination-free REE + Y signatures of sedimentary carbonates
be well employed for paleoenvironmental reconstructions. Generally,
such effects by diagenetic ﬂuids (such as burial ﬂuids, meteoric ﬂuids,
hydrothermal ﬂuids, and dolomitization ﬂuids) are likely to be minimal
in carbonate rocks, since these ﬂuids usually have low REE concentra-
tions (e.g. Sholkovitz et al., 1989; Banner and Hanson, 1990) and REE
are primarily incorporated into the carbonate lattice in the place of Ca,
which are expected to bemore stable than carbon or oxygenwithin car-
bonates during diagenesis (Zhong and Mucci, 1995). Well-constrained
diagenetic studies of REE + Y compositions in ancient carbonates pro-
vide convincing support for this contention. Parekh et al. (1977) investi-
gated several limestones and found that seawater-like REE+Y patterns
were not subjected to alteration by diagenetic ﬂuids. Nothdurft et al.
(2004) showed that Devonian limestones preserved their near-primary
REE + Y signatures, despite alteration by mineralizing ﬂuids. Banner
et al. (1988) reported that pristine REE + Y distributions and isotopic
signatures have been retained in Carboniferous marine limestones,
despite multiple dolomitization events that profoundly affected textural
recrystallization. In view of these discussion, it is reasonable to assume
that the REE + Y compositions of the Doushantuo cap carbonates are
relatively immune to diagenetic ﬂuids, which is supported by our previ-
ous study that showed that the host dolomite we analyzed in the cap
carbonates have preserved original textures (laminations, dolomicrite)
and carbon isotopic signatures (−5‰) (Lin et al., 2011).
However, to eradicate remaining doubts about preservation of the
original REE + Y patterns of the Doushantuo cap carbonates with regard
Fig. 5. Correlation diagrams between Y/Ho and Pb (A), Cu (B), and between Zr and Y/Ho (C), total REE (D).
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ofwhich are particularly sensitive tomobilization in the presence of ﬂuids
because Ce3+ can be easily oxidized to Ce4+, while Eu3+ can be reduced
to Eu2+ (Brookins, 1989). If the REE + Y of the Doushantuo cap carbon-
ates experienced variable degrees of diagenetic overprinting, a strong
covariation would be expected between Ce anomalies and (Dy/Sm)N
(Shields and Stille, 2001). However, shale-nomalized Ce/Ce⁎ does not
covary with (Dy/Sm)N (Fig. 6A), arguing against severe alteration of the
REE + Y of the Doushantuo cap carbonates from diagenetic processes.
Bolhar and Van Kranendonk (2007) suggested that shale-nomalized Eu/
Eu⁎ would show a positive correlation with (Pr/Sm)N if signiﬁcant
modiﬁcation by diagenetic ﬂuids was absent. In this study, we do ﬁnd a
moderate positive correlation between (Pr/Sm)N and (Eu/Eu⁎)N
(excluding extreme anomalies entirely affected by Ba interference)
(Fig. 6B). This further leaves no doubts that the Doushantuo cap
carbonates have preserved their pristine REE + Y compositions,
unaffected by effects arising from diagenetic alteration.
5.3. Implications for sedimentary environment
Chemical sedimentary rocks, such as banded iron formation/cherts,
some carbonates, and phosphates, can serve as useful proxies for modern
and ancient water compositions. Typical marine sediments reﬂect a
seawater REE + Y pattern that appears to be robust over geological
time, and they are primarily characterized by uniform LREE depletion,
high positive La anomalies, distinctively high Y/Ho ratios, and negative
Ce anomalies in oxygenated seawater (Zhang and Nozaki, 1996; Webb
and Kamber, 2000; Van Kranendonk et al., 2003; Shields and Webb,
2004). Hydrothermal ﬂuids display very different REE + Y distributions,
which have much distinct Eu enrichment in otherwise smooth, LREE-
enriched patterns (Michard et al., 1983). In contrast, riverine REE + Y
patterns are diverse, displaying slight LREE depletion or enrichment,
or MREE enrichment, with no conspicuous elemental anomalies
(Sholkovitz et al., 1999; Lawrence et al., 2006). These patterns havebeen identiﬁed from lacustrine and estuarine carbonates (e.g. Nothdurft
et al., 2004; Bolhar and Van Kranendonk, 2007). Sedimentary carbonates
associated with upwelled deep-ocean brine are commonly characterized
by enrichments of Fe and tracemetals, with positive Eu anomalies (Meyer
et al., 2012). Therefore, these differences in element geochemical compo-
sition between different types of water masses and their respective
precipitates provide a suitable analog to explain sedimentary conditions
of the Doushantuo cap carbonates through elemental geochemistry.
5.3.1. Freshwater and brackish water
As outlined above, the Group-A, -C, and -E carbonates display the
slight MREE enrichment; Group-B, and D exhibit the slight LREE de-
pletion; andGroup-G shows the LREE enrichment. These patterns are dis-
tinctly different from those of hydrothermal ﬂuids, and from those of
typical seawater and respectivemarine carbonates (Fig. 3F). Nevertheless,
such patterns are very similar to those of freshwater-dominated water
and their respective carbonates (Fig. 3F) and thus could be explained by
formation in meteoric environment. A lacustrine setting for the analyzed
carbonates is, however, rather unlikely based on paleogeographic back-
ground and geochemical/isotopic data (Jiang et al., 2003b; Jiang et al.,
2011). Freshwater or brackish water in estuaries which represent a
physical link between freshwater pathways and open marine environ-
ment, would be possible explanations for the patterns of the Group-A,
-B, -C, -D, -E, and G carbonates. Estuarine waters would show slight
LREE-depleted patterns in the low salinity region of estuaries as a result
of preferential scavenging of LREE by adsorption onto particulates and
colloids (Sholkovitz, 1992). Preferential release of MREE from colloidal
matter is required forMREE-enriched patterns in estuarine environment
(Sholkovitz et al., 1999). The MREE enrichment has been also recorded
for modern estuaries (such as the Papua New Guinea, Fly, and Sepik)
(Fig. 3F; Elderﬁeld et al., 1990; Sholkovitz et al., 1999). For the LREE-
enriched patterns, an alternative explanation is the incorporation of
riverine Fe-colloids (within carbonates) that contained preferentially
scavenged LREE from a nearby riverine input source (Nothdurft et al.,
Fig. 6. Correlation diagrams between (Ce/Ce⁎)N and (Dy/Sm)N (A), and between (Eu/Eu⁎)N
and (Pr/Sm)N (B). There is no correlation between (Ce/Ce⁎)N and (Dy/Sm)N, but a moderate
correlation between (Eu/Eu⁎)N and (Pr/Sm)N (excluding extreme Eu anomalies signiﬁcantly
affected by Ba interference).
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Group G is supported by their relatively high Fe and REE concentrations,
which may be derived from increased chemical weathering indicated by
their high Al and Ti contents (Fig. 2). Similar LREE enrichment has been
also reported from Late Devonian estuarine fringing reefal carbonates
(Fig. 4B; Nothdurft et al., 2004). Interestingly, it seems that the analyzed
carbonates from Groups A, B, C, D and E, show periodic changes in their
REE + Y patterns with increasing stratigraphic heights (Fig. 3A–E). This
suggests either changes in the fractionation processes or shifts in the lith-
ological make-up of the source area or a combination of both.
Y/Ho ratios serve as amonitor for the differentiation between differ-
ent types of waters and their respective precipitates (Nothdurft et al.,
2004; Bolhar and Van Kranendonk, 2007). Elevated Y/Ho ratios are
due to differences in the surface complexation behavior of these two el-
ementswhich have similar ionic radii and identical charge (Nozaki et al.,
1997). Y/Ho ratios inmodern river waters are equal to or slightly higher
than values for upper continental crust (27.5) and chondrites (25–28)
(Taylor and McLennan, 1985; Kamber et al., 2005), but substantially
lower than open seawater values (~60–150) (Nozaki et al., 1997;
Lawrence and Kamber, 2006; Frimmel, 2009). The Y/Ho ratios for the
Group-A carbonates range from 23.89 to 27.90, which are very close to
those of the upper continental crust and those of the freshwater
stromatolites from the Green River Formation (29), and within the
range given for the river waters; whereas, the Group-B, -C, -D, -E and -G
carbonates have higher Y/Ho ratios mostly from 33.36 to 50.46, close to
those of freshwater admixing with seawater (Lawrence and Kamber,
2006), but substantially lower than the range displayed by the open
seawater. These likely imply that the Group-A carbonateswere deposited
in relatively pure freshwater, but all the carbonates of Groups B, C, D, Eand G were formed in brackish water setting, which is supported by
stratigraphic relationships between the cap carbonates and the directly
underlying diamictites.
Positive La anomalies in sedimentary rocks are a particularly useful
ﬁngerprint for derivation of REE + Y distribution from normal seawater
compositions (e.g. Nothdurft et al., 2004; Bolhar and Van Kranendonk,
2007). The occurrence of positive La anomalies may result from artiﬁcial
Ce anomalies. Extent of the La anomalies can be quantiﬁed by comparing
(Ce/Ce⁎)N to (Pr/Pr⁎)N following the technique of Bau and Dulski (1996).
A comparison between typicalmarine carbonates and theGroup-A, -B, -C,
-D, -E and G carbonates reveals a clear difference (Fig. 7). The former are
characterized by signiﬁcantly positive La anomalies, which are in the
range of modern open seawater (Fig. 7; Nothdurft et al., 2004 and refer-
ences therein). Whereas the latter distinctly possess slight positive La
anomalies, obviously not in accordance with the open seawater, but in
agreement with freshwater-dominated carbonates (Fig. 7; Bolhar and
Van Kranendonk, 2007). Similar weak La anomalies have been reported
from Lantian cap carbonates which were deposited in freshwater mixing
with seawater (Fig. 7; Zhao et al., 2009). Hence, the carbonates of Groups
A, B, C, D, E and G can be clearly distinguished from typical seawater-
derived carbonates by virtue of their weak La anomalies, substantiating
that theywere not formed in openmarine seawater, but were precipitat-
ed in freshwater-dominated water.
Dissolved Ce3+ under oxidizing conditions changes to virtually insol-
uble and thermodynamically stable Ce4+. Negative Ce anomalies in
water masses are caused by preferential scavenging of Ce4+ through
organic and inorganic particulates, reﬂecting the oxygenation state of
waters. Ce oxidation is less sensitive to oxygen fugacity than to pH and
favored by alkaline solutions (Elderﬁeld and Sholkovitz, 1987). Thus,
negative Ce anomalies are typically absent in low-pH and/or hydrother-
mal precipitates, but common in estuarine waters, river waters, and
open shallow seawater (Lawrence and Kamber, 2006; Bolhar and Van
Kranendonk, 2007; Frimmel, 2009). Overabundance of La might result
in artifacts in Ce anomaly calculations. The Ce anomalies were calculat-
ed in this study using the relationship shown in Fig. 7. The slight nega-
tive Ce anomalies in the Group-A, -B, -C, -D, -E and G carbonates imply
weak oxygenated and/or alkaline conditions prevailing during the
carbonate formation. Furthermore, these carbonates show consistently
low concentrations in redox-sensitive trace metal elements (Fig. 2).
Trace metals tend to be less soluble under reducing conditions, but
more soluble under oxidizing conditions leading to authigenic depletion
in oxygen-enriched sediments. The depletion of the redox-sensitive
tracemetals suggests relatively oxidizing state in the carbonates, as indi-
cated by the negative Ce anomalies.
Eu3+ may be reduced to Eu2+ under extremely reducing conditions
in aqueous solutions. The Eu3/Eu2+ redox potential is much more sensi-
tive to temperatures than to pH and pressure (Bau, 1991). Thus, enrich-
ment of Eu is typically observed in Ca-rich early-magmaticminerals such
as feldspar and in highly reducing hydrothermal ﬂuids (Michard et al.,
1983; Olivarez and Owen, 1991; Kamber et al., 2005). Positive Eu anom-
alies in shallow seawater could not reﬂect redox state of waters, but sug-
gest terrestrial weathering and/ormarine hydrothermal inputs (Kamber
andWebb, 2001). As shown above, the Group-B, -C, -D, -E and G carbon-
ates are slightly enriched in Eu. If alkaline conditions were present, as
implied by the negative Ce anomalies, it would be expected that the pos-
itive Eu anomalies are in agreement with elevated CO2 levels in the
atmosphere (Hoffman et al., 1998), resulting in Eu being preferentially
released intowaters from source rocks bearing feldspar during enhanced
weathering (Nozaki et al., 2000; Bolhar and Van Kranendonk, 2007).
In summary, none of theGroup-A, -B, -C, -D, -E andG carbonateswas
deposited in an open marine environment, as a characteristic seawater
signature is not developed in any of the carbonates. Rather,we conclude
that the Group-A carbonates were deposited in oxygenated, relatively
pure freshwater, and all the Group-B, -C, -D, -E and G carbonates were
formed in oxygenated brackish water. Continental deglaciation at the
end of the global Marinoan glaciation would result in locally elevated
Fig. 7. Plot of (Pr/Pr⁎)N versus (Ce/Ce⁎)N, used to show La and Ce anomalies in the
Doushantuo cap carbonates (after Bau and Dulski, 1996). The samples from the Group-A,
-B, -C, -D, -E, and -G carbonates have slight negative Ce anomalies and positive La anomalies,
which are similar to those of freshwater carbonates and those of Lantian cap carbonates
deposited in freshwater mixing with seawater (data from Bolhar and Van Kranendonk,
2007; Zhao et al., 2009), but very different from those of open seawater and their respective
marine carbonates (data from Nothdurft et al., 2004). The samples from the Group-F
carbonates display positive Ce and La anomalies, similar to those of late Archaean microbial
carbonates fromCampbellrand Subgroup and those of Sturtian cap carbonates fromPocatello
Formation (data from Kamber and Webb, 2001; Meyer et al., 2012).
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O, NO3−) from the weathered continental crust (Svensen et al., 2004).
Therefore, the oxygenated fresh water and brackish water environment
we observed should be as a response to the deglacial meltwater.
5.3.2. Brine water
One geochemically interesting feature in the Group-F carbonates
is an obvious enrichment of phosphorus and iron (Fig. 2). These
two element enrichments are unlikely to be derived from a chemical
weathering pulse because no enrichments in Al and Ti (proxies for
terrestrial inputs) are observed. A reasonable explanation is that this sys-
tematic accumulation resulted from changes in the water column from
which the carbonates precipitated. Elevated P and Fe deposition is usual-
ly associatedwith upwelling of brinewaters from anoxic basin (e.g. Pope
and Steffen, 2003; Hurtgen et al., 2006; Meyer et al., 2012). This means
that there should be a large reservoir of dissolved P and Fe in the anoxic
basin. This is consistent with earlier studies which proposed that anoxic
P- and Fe-rich marine deep waters were a general feature of the
later Neoproterozoic according to Fe speciation and P/Fe ratios in
Neoproterozoic sediments (Canﬁeld et al., 2008; Planavsky et al.,
2010). In order for the P and Fe in the anoxic bottom water to reach
the shallow platform, deep basin brines would have to have experienced
overturn and upwelling creating ideal conditions for the Group-F
carbonate precipitation.
The Group-F carbonates have slight LREE depletion with relatively
unfractionated HREE, slight positive La, Ce and Eu anomalies, high REE
concentrations, and supra-chondritic Y/Ho ratios. These REE + Y com-
positions, as discussed above, could not result from contamination by
shale, sulﬁdes, and oxides, and from diagenetic alteration. By contrast,
these REE + Y should have been contaminated by syn-sedimentary
phosphates because 5% HNO3 could well digest the phosphates. This
proposal is also supported by a strong covariation between REE and P
concentrations from the Group-F carbonates (Fig. 2). In other words,the REE + Y compositions we obtained are derived not only from the
carbonate minerals, but also mainly from the phosphates. Despite
mixing by the syn-sedimentary phosphates, the REE + Y compositions
could reﬂect contemporary water chemistry. A reasonable explanation
is envisioned. It is well known that phosphate crystals incorporate REE
from pore water similar to ambient water during their growth at
the sediment–water interface, and therefore authigenic phosphates
preserve a REE + Y signature of contemporary water, which is also
recorded in syn-sedimentary carbonate minerals (e.g. Mazumdar
et al., 1999; Shields and Stille, 2001; Chen et al., 2003). Thus, it is con-
ceivable that the REE + Y compositions from the carbonate minerals
and the syn-sedimentary phosphates in the Group-F carbonates could
display a primary signature of the water column.
These REE + Y compositions except Ce anomalies and REE abun-
dance, seemingly, are somewhat similar to those of the underlying
Group-B and -D carbonates which were formed in brackish water. It
appears that the REE+Ypatternsmight reﬂect a brackishwater setting.
However, this presumption contradicts the above inference that
upwelled anoxic deep-ocean brine dominated the shallow platform
during the Group-F carbonate precipitation. Similar REE + Y patterns
including slight LREE depletion (Fig. 4A), positive Ce, La (Fig. 7) and Eu
anomalies have been obtained from Archaean and Palaeoproterozoic
chemical sediments deposited from mixtures of seawater and hydro-
thermal ﬂuids (Kamber and Webb, 2001; Frei et al., 2008), and also
from Sturtian cap carbonates from the Pocatello Formation which
were interpreted as deriving from upwelled anoxic seawater strongly
inﬂuenced by hydrothermal ﬂuids (Meyer et al., 2012). These similari-
ties suggest that the Group-F carbonates were probably associated
with upwelled seawater mixing with hydrothermal ﬂuids. It needs to
be noted that we could not rule out the contribution of freshwater to
the deposition of the Group-F carbonates, because of occurrence of
freshwater during the underlying and overlying carbonate precipitation.
All the samples from the Group-F carbonates show negative Ce
anomalies using the linear method. However, these negative anomalies
are, in reality, an artifact that arises from the overabundance of La.
Instead, Ce anomalies in the Group-F carbonates were calculated using
the relationship illustrated in Fig. 7. It can be seen that most of the
samples from the Group-F carbonates display positive Ce anomalies
(which are consistent with those obtained using the geometric
method). Insoluble Ce4+ changes to dissolved Ce3+ under reducing
conditions, resulting in an enrichment of Ce. Thus, the observed lack
of negative Ce anomalies indicates that the Group-F carbonates were
formed in anoxic water column.
The Group-F carbonates show a pronounced but brief enrichment of
redox-sensitive trace metals (such as V, Co, Cu, U, and Mo), all of which
are nearly synchronous with those of the P and Fe (Fig. 2). These
element enrichments are unlikely to result from contamination by
detrital materials because there are no strong correlations between
these elements and Zr (not shown here). These trace metal accumula-
tions were also not derived from diagenetic processes due to that the
latter would likely result in heterogeneous alteration and signiﬁcantly
inconsistent tracemetal proxies. This proposal is supported by evidence
that V and Cu enrichments stratigraphically consistently lag behind
those of other trace metals. Accordingly, we argue that the systematic
enrichment probably reﬂects the composition of the coeval water.
Trace metals are delivered into sediments under oxygen-depleted
conditions due to scavenging from thewater column by sinking organic
matter (Tribovillard et al., 2006). This behavior makes trace metal co-
enrichments useful as a strong indicator for reducing conditions. A
narrow region of trace metal enrichment, in this study, suggests that
transient anoxic conditions were present shortly during the Group-F
carbonate precipitation, as implied by the positive Ce anomalies.
In summary, pronounced but brief enrichments of trace metals, P,
and Fe, together with positive Eu anomalies, typically found in anoxic
mixtures of seawater and hydrothermal ﬂuids (brine water), are clearly
developed in the Group-F carbonates. It therefore appears that these
Fig. 8. Sketches showing temporal evolution of depositional model of the Doushantuo cap
carbonates at the Jiulongwan section on the Yangtze platform of South China (modiﬁed
after Shields, 2005). A: Warming deglacial freshwater was present during the deposition of
the basal cap carbonates. B: Alkaline brackish water prevailed during the lower-middle cap
carbonate formation. C: Upwelled saline brine water was present during the deposition of
the upper-middle cap carbonates. D: Alkaline brackish water was present during the upper
cap carbonate precipitation.
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evolve in the Neoproterozoic deep ocean. Global glaciations and
hydrothermal input were considered to have played critical roles in
controlling the chemistry of the Neoproterozoic deep ocean. Severe
glaciations would cause a stagnant and anoxic condition in deep ocean
with very limited H2S (Kirschvink, 1992; Canﬁeld and Raiswell, 1999).
This condition was capable of keeping phosphorus and iron (bivalent)
in solution and prevented scavenging of trace metals and REE.
Hydrothermal vent ﬂuids are enriched in Eu and some transition metals
(e.g. Fe, U, and Cu) (Cruse and Lyons, 2004; Edmonds and German,
2004). Prolonged input of hydrothermal ﬂuids would effectively en-
hance these element concentrations in the deep ocean. Through time
Neoproterozoic deep-ocean anoxic seawater compositions would be
strongly inﬂuenced by global glaciations and hydrothermal ﬂuids,
attaining features such as positive Eu anomalies and high P, Fe, trace
metal, and REE abundance.
5.4. A depositional model for the Doushantuo cap carbonates
In order to explain the depositional model of Marinoan cap carbon-
ates, great efforts have been made. Liu et al. (2013) investigated Sr
isotope compositions of cap carbonates from Nuccaleena Formation,
South Australia. Low 87Sr/86Sr ratios were found and taken as evidence
to support their interpretation of contemporary seawater during the capcarbonate deposition. Conversely, Zhao et al. (2009), based on study of
REE + Y and Sr isotope compositions of cap carbonates from Lantian
Formation, found high 87Sr/86Sr ratios and REE + Y patterns similar to
those in freshwater-dominated carbonates, and thus argued that the
cap carbonates were formed in freshwater with limited mixing with
seawater. Similarly, Ohno et al. (2008) suggested that the Doushantuo
cap carbonates from South China were deposited in brackish water
rather than upwelled seawater according to high 87Sr/86Sr ratios of
the cap carbonates. This discrepancy about the depositional model of
the Marinoan cap carbonates is due to two possible reasons. One is
the potential diachrony among different cap carbonates (Hoffman
et al., 2007; Rose and Maloof, 2010). The other one is their low-
resolution sampling methods, preventing them from observing a
sequence of sedimentary condition changes on short time scales during
the deposition of the cap carbonates. In this regard, our high spatial-
resolution elemental geochemistry well reﬂects the temporal evolution
of sedimentary conditions during the cap carbonate deposition, which
can be brieﬂy subdivided into four successive stages as shown in Fig. 8.
At stage 1, an alkaline, oxic, relatively pure freshwater environment was
present during the deposition of the basal cap carbonates (Group-A
carbonates). At stages 2 and 4, an alkaline, oxic, brackish water environ-
ment prevailed during the precipitation of the lower-middle cap carbon-
ates (Group-B, -C, D, and -E carbonates) and the upper cap carbonates
(Group-G carbonates). At stage 3, a saline, anoxic brine water environ-
mentwas present during the deposition of the upper-middle cap carbon-
ates (Group-F carbonates). It canbe seen that our elemental geochemistry
data from the Doushantuo cap carbonates provide a direct support for the
depositional model of Marinoan cap carbonates proposed by Shields
(2005), which envisages the cap carbonates being deposited primarily
in low salinity meltwaters and in upwelled brine water. Of these, the
freshwater and brackish water environment we observed is consistent
with what is predicted by the plumeworld and snowball Earth hypothe-
ses (Hoffman et al., 1998; Shields, 2005).
6. Conclusion
By systematic analyses of major, trace and rare earth elements from
the Doushantuo cap carbonates at the Jiulongwan section in the Yangtze
Gorges, we found that: 1) the basal cap carbonates display slight MREE
enrichment, weak positive La anomalies, near-chondritic Y/Ho ratios,
and slight negative Ce anomalies; 2) the lower-middle cap carbonates
show slight LREE depletion or MREE enrichment, weak positive La and
Eu anomalies, supra-chondritic Y/Ho ratios, and slight negative Ce anom-
alies; 3) the upper-middle cap carbonates have consistently high P, Fe,
and trace metals, slight LREE depletion, and slight positive Ce, La and Eu
anomalies; and 4) the upper cap carbonates exhibit LREE enrichment,
weak positive La and Eu anomalies, mild negative Ce anomalies, and
supra-chondritic Y/Ho ratios. These ﬁndings indicate that the basal
cap carbonates were deposited in oxygenated, relatively pure freshwa-
ter, the lower-middle and upper cap carbonates in oxygenated brackish
water, the upper-middle cap carbonates in anoxic brine water. This
depositionalmodel provides a direct support for the proposed sequence
of events at the termination of the Marinoan glaciation by Shields
(2005).
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